Abstract In Mexico, sludge from wastewater treatment plants is a public health problem, especially for the infant population due to the presence of pathogens and parasite eggs. Therefore, it is of great interest to apply proper treatment methods for those wastes. An option proposed for the removal of possible infectious sources is thermophilic anaerobic digestion, even though a limitation for its acceptance is the slow start-up of the reactors. The transformation of a mesophilic anaerobic sludge for its utilization as a thermophilic inoculum, by means of direct temperature increase up to 55°C and feeding of the inoculum with synthetic medium was possible in two months. As a main part of the work and with the objective of evaluating the changes in the methanogenic microbial population during the sludge treatment, a specific detection technique for these bacteria has been developed and validated, based on the use of the polymerase chain reaction (PCR).
Introduction
The increasing interest in reversing the environmental deterioration and in improving population sanitary conditions, has led to the adoption of environmental policies oriented to the reuse of resources as well as to the enforcement of regulations for such reuse. In developing countries, the concern for reducing morbidity and mortality, which mainly affect the infant population, imposes the integration of regulations and standards to control vectors of gastrointestinal diseases, one of the main issues in public health in those countries. In Mexico, there is a project of an Official Standard on disposal and reclamation of biosolids (stabilized sludge) for agricultural purposes (Proy-NOM-004-ECOL-2001 , 2002 . This Standard will regulate the number of parasites (helminth eggs) and pathogens (fecal coliforms and Salmonella) present in the sludge before its final disposal, according to three different concentration levels or classes (A, B and C) .
In this context, the thermophilic anaerobic treatment is an alternative for sludge stabilization, due to its capacity for removing pathogenic and parasite microorganisms, for reducing the content of organic matter and for eliminating vector attraction (Rojas et al., 2001) . However, a disadvantage of this anaerobic process is the slow start-up of the digesters, as well as the instability of the methanogenic activity of the thermophilic inoculum (Ferry, 1994; Van Lier, 1996) .
The methanogenic bacteria constitute one of the most sensible physiological groups among the anaerobic microbial consortium; therefore, they can be a limiting microbial group during the period of adaptation to thermophilic conditions (Griffin et al., 1998) . There is a wide consensus over the need to increase the biological knowledge of anaerobic ecosystems (such as the composition of bacterial communities in the sludge), since the lack of a proper understanding may lead to failures in treatment systems. However, the identification of anaerobic bacteria is a difficult task, because of the complexity of isolation of pure cultures (Godon et al., 1997) .
Identification of microorganisms without the need to isolate them is essential to achieve its practical application in industrial facilities. For this purpose, possible options are the use of immunological tools (mainly monoclonal antibodies) and molecular biology techniques, which offer a better way of identifying a microbial consortium. Among these, the most used is hybridization of DNA sequences which codify for the 16S ribosomal subunit (Raskin et al., 1994; Griffin et al., 1998) . A better option is polymerase chain reaction (PCR) technique, based in the natural process of DNA replication inside the bacterium, resulting in a big amount of copies of specific sequences for each taxonomic group. The sensibility of this method is very high, being a relatively simple and rapid technique, which could be used as a control parameter in anaerobic digesters during start-up or critical periods, with the support of a specialized laboratory.
In the context of thermophilic anaerobic digestion for stabilization and reclamation of municipal sludge, it is necessary to evaluate the acclimation of a mesophilic anaerobic inoculum to thermophilic conditions, in order to accelerate and control the start-up of the digesters. Design and optimization of a PCR technique with specific primers for the different genera of methanogenic bacteria, an issue not described to date, would allow us to monitor the population dynamics of such bacteria along the whole process.
Methodology
A 4 L capacity glass vessel was inoculated with 2,600 mL of mesophilic digested sludge (7,460 mgVSS/L, coming from the sludge digester of the treatment plant at a brewing industry, Cervecería Cuaúthemoc-Moctezuma, Toluca, Mexico), 400 mL of mineral medium, according to Balch et al. (1979) , and a mixture of volatile fatty acids (VFA) with initial concentrations in the digester of: acetic-1,630 mg/L, propionic-1,270 mg/L and butyric-1,055 mg/L acids. Anaerobic conditions were obtained by an atmospheric interchange with N 2 /CO 2 (80/20%). Temperature was increased directly to 55°C, according with previous experiences (Griffin et al., 1998; Krugel et al., 1998) , with a mineral oil bath. After an initial period of 1.5 months in discontinuous conditions, the inoculum was fed three times a week with 30 mL of mineral medium containing a VFA mixture (acetic-12.2 g/L, propionic-9.5 g/L and butyric-8 g/L). Monitoring parameters were: VFA concentration (SRI 8610 chromatograph, with FID detector, and a Superox FA Alltech capillary column of fused silica), methane fraction (Fisher chromatograph, with TCD detector, Porapak Q column), and specific methanogenic activity (SMA) separately for each acid: acetic, propionic and butyric, and for hydrogen. Methanogenic specific activity was carried out in 60 mL serological bottles, with rubber stoppers (septa), with 16 mL of mineral medium according to Balch et al. (1979) , 4 mg of anaerobic sludge and the corresponding amount of VFA: 33.51 mg acetic acid/mgVSS, 55.43 mg propionic acid/mgVSS, 80.92 mg butyric acid/mgVSS or 0.8 atm of H 2 pressure. The response parameters were the number of moles of methane produced at different times of the test. The maximum slope of the curve moles CH 4 /gVSS vs. time, was taken for the calculation of the methanogenic activity, expressed as g CH 4 -COD/gVSS.d.
For the validation and standardization of the PCR technique, pure cultures were required, which were kindly donated by Dr. Serge Guiot (Biotechnology Research Institute, Montreal-Canada), Dr. Jean Louis García (Laboratory of Anaerobic Microbiology, IRD-France), Dr. Hervé Macarie (IRD, France), Dr. Florina Ramírez (Universidad Autónoma Metropolitana-Iztapalapa, Mexico), and Dr. Valeria Souza (Instituto de Ecología, UNAM-Mexico). The DNA sequences, known to date, for the methanogenic bacteria 16S ribosomal RNA, were obtained from the RDP database (Ribosomal Database Project, http://www.rdp.life.uiuc.edu) , and were aligned with the MegAlign program (included in the DNASTAR software package). Based on this alignment, by selecting the regions with more variability among the compared genera, specific direct forward primers were designed for five genera of methanogenic bacteria that can be found in anaerobic sludge (Godon et al., 1997; Griffin et al., 1998; Sekiguchi et al., 1998) . Table 1 summarizes the most important characteristics of the five primers. The reverse primer is, on the contrary, a universal primer, common to the five genera, its sequence being from 5′ to 3′: CCC GCC AAT TCC TTT AAG TT; 5′ position corresponds with nucleotide number 918 into Escherichia coli 16S ribosomal DNA sequence (entry X80725 of Genbank database).
The theoretical specificity for amplification of the pairs "specific primer-universal primer" was confirmed with the Blast program on the NCBI webpage (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov).
The method for sludge DNA extraction was modified after Sekiguchi et al. (1998) , freezing the cells with liquid nitrogen and disregarding lysozyme digestion (accounting for the characteristics of archaeobacteria cell walls). For pure cultures, the extraction was made according to Cabirol et al. (1998) . The final reaction mixture was: 1× Taq Pol buffer, 2.5-6 mmol l -1 MgCl 2 , 0.2 mmol l -1 dNTPs, 100 pmol primers, 200 ng DNA and 2U Taq Pol, in a final volume of 50 µl. Amplification conditions were: one cycle of 94°C-5 min, 30 cycles of 94°C-1 min, 40-45°C-2 min and 72°C-1 min; one cycle of 72°C-10 min and one final of 6°C-90 min (Godon et al., 1997; Cabirol et al., 1998; Sekiguchi et al., 1998) . MgCl 2 concentration and alignment temperature used for each pair of primers are detailed in Table 4 . The amplified fragments were analyzed by electrophoresis in 2% agarose gels, stained with ethidium bromide (0.5 µg/mL). For calculation of sizes, a Biorad (ref 170-8200) 50-2,000 bp size marker was used.
Results and discussion

Sludge physiological monitoring
After exposure to thermophilic conditions for 1.5 months (Time 1), there was an increase in the methanogenic activity of the sludge, which was indirectly manifested in the observed consumption of the VFA fed (Table 2 ). This was verified 15 days after the batch period (Time 2, 2 months), as no accumulation of VFA was measured in the liquid medium. The maximal substrate consumption was estimated at the Time 2, when the degradation of propionic and butyric acids into acetic acid by the obligate hydrogen producing acetogenic bacteria (OHPA) was more evident. On the other hand, the percentage of methane (CH 4 ) increased; after 45 days of acclimation, it reached 70% of the total volume of biogas, with a mean production of 13 mL/day, corresponding to 19.16 mmol CH 4 /gVFA removed .
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At Time 1, the value of specific methanogenic activity (SMA) at 55°C increased by two orders of magnitude for acetic acid (2,300%) as well as for hydrogen (6,000%) (Table 3) . When the initial SMA value at 35°C is compared with the final value at 55°C, the hydrogen activity shows an increase of 700%, and 400-500% for the acetic, propionic and butyric acids. Although an important increase is present, the SMA are low, since the source of inoculum was a sludge digester. However, the VFA mixture feeding promoted the development of acetogenic and methanogenic bacteria.
Direct observation by epifluorescence microscopy confirmed an increase in the proportion of hydrogenophilic methanogens in the acclimated sludge, an increase being evident in the population of Methanospirillum (data not shown). Hydrogenophilic methanogenic bacteria showed a rapid adaptation to thermophilic conditions, in accordance with Uemura and Harada (1993), and Van Lier (1996) . Probably, the direct, one step increase in temperature favoured from the beginning the development of strict thermophilic bacteria; Griffin et al. (1997) and Krugel et al. (1998) advance the same hypotheses. Speculations can be made on the fact that hydrogenophilic methanogens tend to predominate in thermophilic conditions, which should be demonstrated in future studies. It is important to mention that Methanobacterium and Methanobrevibacter are also hydrogenophilic microorganisms, difficult to differentiate by direct microscopic observation; therefore, the development of this PCR technique may allow a rapid discrimination among populations.
Adaptation of the PCR technique
For the standardization of the PCR technique, the specificity of each of the five pairs of genus-specific primers used was evaluated by crossed reactions with the following: DNA extracted from the microorganisms under study, pure cultures of the microorganisms for which the primers were designed, four additional genera of methanogenic bacteria included in the study, and negative controls not belonging to this group but readily found in anaerobic sludge (Desulfovibrio sp., Lactobacillus sp. and Escherichia coli). In this way, it was possible to find the specific conditions for the amplification (and therefore detection) of each genera under study. The applied conditions are summarized in Table 4 .
In Figure 1 can be seen the amplification achieved for each genus under the conditions of specificity attained; the expected size of the fragments are also shown in Table 4 .
It is important to notice that the use of only one genus-specific primer is enough to achieve the required sensitivity, and thus only one universal reverse primer is needed.
In order to prove the good quality for amplification of the DNA extracted from the sludge by the modified method of Sekiguchi et al. (1998) as well as the applicability and specificity of the described PCR technique for the selected samples, DNA obtained N. Cabirol et al. 84 (Macario et al., 1991; Ahring et al., 1993) . In Figure 2 , the amplification of genus Methanosarcina present in the mesophilic sludge is observed in lane 2, corresponding to the initial inoculum. The band matches the expected size for amplification in this genus. The specificity of the technique is confirmed, since there are no bands corresponding to other possible microorganisms, which guarantees the applicability of the technique with DNA extracted from complex samples, as well as from pure cultures.
The presence and population dynamics of other genera in anaerobic sludge, as well as the use of semi-quantitative or quantitative techniques to evaluate population changes that occur during the processes of acclimation and adaptation to thermophilic conditions will be studied in future works. At the moment, the technique developed in this work surpasses in 1 2 Figure 2 Columns (1) marker and (2) Methanosarcina quickness of evaluation some other techniques based in DNA hybridization processes, such as Southern blot and FISH (fluorescent in situ hybridization), or binding of specific antibodies, allowing an easy and relatively low cost processing of multiple samples.
Conclusions
A thermophilic inoculum from a digested mesophilic sludge was obtained in approximately two months. A technique of DNA extraction from sludge was established, which permits us to obtain DNA of good quality and in adequate quantity to be amplified.
A rapid and efficient technique for the detection of genera of methanogenic bacteria was validated in order to determine the presence of these microorganisms in anaerobic sludge.
